We describe a light-pulse atom interferometer that is suitable for any species of atom and even for electrons and protons as well as their antiparticles, in particular for testing the Einstein equivalence principle with antihydrogen. The design obviates the need for resonant lasers through far-off resonant Bragg beam splitters and makes efficient use of scarce atoms by magnetic confinement and atom recycling. We expect to reach an initial accuracy of better than 1% for the acceleration of free fall of antihydrogen, which can be improved to the part-per million level.
The Einstein Equivalence Principle (EEP) is the basis of gravitational theory. It holds that gravity affects all matter in exact proportion to its mass-energy: All objects experience the same acceleration of free fall g, all clocks experience the same gravitational time dilation, and the laws of special relativity hold locally in inertial frames. Matter-antimatter symmetry and the EEP are deep principles of the standard model and gravitational theory, respectively, so that finding them violated would have huge implications. Tests of the EEP have been identified as among the most promising candidates for observable signals of a theory of quantum gravity [1, 2] . The EEP is supported by broad experimental evidence for normal, electrically neutral matter. There is compelling experimental and theoretical evidence that antimatter obeys the EEP [3] , but these arguments are indirect and are not universally accepted [4] ; they rely on postulates, e.g., that any gravity anomalies couple to antimatter and matter in a certain way, or that there are no particles and interactions besides those of the standard model and gravity. Since we cannot account for 95% of the observed gravity in the universe, and since there is much more matter than antimatter in the universe while the accepted laws of physics show matter/antimatter symmetry, we should not presume that the gravitational behavior of antimatter is completely understood. Thus, it is important to explore the gravitational behavior of antimatter in direct experiment.
Neutral antimatter has only recently been trapped in laboratories by the Antihydrogen Laser Physics Apparatus (ALPHA) [5] [6] [7] and the Antihydrogen Trap (ATRAP) [8] , while testing the EEP for charged particles [9] is extremely difficult due to fundamental and practical limitations on how well they can be isolated from the environment. As a result, the EEP has been directly confirmed neither for antimatter (for which g = (−0.63 . . . + 1.1) km/s 2 is compatible with the data [10] ), nor for charged particles of any kind. The AEGIS collaboration at CERN aims to measure the gravitational acceleration of antihydrogen by a Moiré accelerometer, which is now in its final construction phase [11] . A second experiment, GBAR, will drop antihydrogen from a height of 10 cm and has recently been approved at CERN [12] . Both expect to reach a percent-level accuracy.
Light-pulse matter wave interferometers [13] have been used to measure, e.g., local gravity [14] , the gravity gradient [15] , Newton's gravitational constant [16] , and the fine structure constant [17] , for inertial sensing [18] , to test general relativity with part-per billion accuracy [19] [20] [21] , and as a matter-wave clock [22] , opening up new roads to testing the EEP. Such matter-wave interferometers use standing waves of laser light as diffraction gratings, leveraging the precision of laser wavelength measurement and avoiding use of material gratings, where antimatter atoms might annihilate. Unfortunately, they rely on Raman or Bragg transitions driven by nearly resonant lasers and are inefficient in using the available atom number. Available continuous-wave [23] or pulsed [24] lasers driving the Lyman-alpha line in hydrogen are not powerful enough unless collimated to a submillimeter beam radius. An atom interferometer using metastable hydrogen driven on the 2S → 12P line with a 371 nm laser has been demonstrated [25] . A similar scheme, using the 2S → 3P line [26] has been proposed, but bringing antihydrogen into the metastable state leads to further loss of scarce atoms. In this letter, we present a design that does not need a resonant laser. Instead, it uses a far-detuned, high-energy pulsed laser [27] . The design also uses atom recycling to efficiently use the few available atoms. The interferometer can work with almost any atomic species, as well as electrons, protons, and their antiparticles.
The setup (Fig. 1 A) consists of two joined magnetic traps, the lower "trap" region wherein antihydrogen atoms are produced and laser cooled, and the upper "interferometer cell." These traps are similar to the one currently used by ALPHA [28] , but oriented vertically. Atoms are laser-cooled to 20 mK in the trap [24] and then adiabatically released into the interferometry cell. Interferometry is performed using a powerful offresonant laser, retroreflected using a mirror that divides the interferometer cell and the trap. Atoms leaving the interferometer in the upwards-moving output leave the trap and annihilate at the top of the vacuum chamber. Spatially-resolved detection of annihilation products can count how many atoms leave the interferometer in the upper and lower output, respectively. This measures the phase shift between the interferometer arms and, thus, gravity.
Ramping down the trapping fields provides adiabatic cooling. A solenoid enclosing the entire setup (not shown) produces a homogenous, constant, vertical bias field B 1 of 1 T. Octupole coils around the entire setup provide radial confinement by raising the field near the radial walls; mirror coils provide vertical confinement. A second solenoid surrounding only the trap region can be used to modify the bias field in the trap to B 2 . Fig. 1 B shows the potential experienced by atoms on the axis. It consists of gravity mgz, where m is the atom's mass and z the vertical coordinate, a homogenous contribution V 1 by the overall solenoid that is modified to V 2 by the trap solenoid, and barriers of V m due to the mirror coils.
We use a pulsed Lyman-alpha laser for laser-cooling to a three-dimensional temperature of ∼ 20 mK, corresponding to a root mean square (rms) thermal velocity of ∼ 10 m/s [24] . During this time, the magnets are run at full fields, see [28] for details on their design. In the second phase, that lasts 400 ms, the octupole current is ramped down and the atoms are then allowed to expand to undergo adiabatic cooling. In a third phase, that lasts another 400 ms, the lower and upper mirror coil currents are ramped down for further adiabatic cooling. After these phases, most antihydrogen atoms are still trapped. In the fourth phase, atoms are released over 16 s. To achieve a nearly constant average vertical velocity, the trap solenoid is turned off completely while the upper mirror is ramped linearly. This results in particles entering the interferometer cell with the velocity distributions shown in Fig. 2 , with widths as narrow as 0.4 m/s rms vertically and 5 m/s horizontally. These figures can be improved further by optimizing the magnetic field configurations and ramp time constants. The interferometer cell is basically another magnetic trap. The overall potential seen by an atom depends on the radius coordinate r as V 6 (r/ρ) 6 + V 2 1 , where V 6 and ρ are constants. The atoms enter the interferometer cell through an aperture. Without special precautions, a 1-cm aperture will pass most atoms. The area of the aperture can be reduced q times if the trap potentials are ramped down q times more slowly, without changing the velocity distribution. This follows from conservation of phase space density and is confirmed by our simulations. The atoms are prevented from colliding with the walls by periodically poled refrigerator magnets, see Fig. 1 A, which generate a repulsive potential that decays very fast with distance from the wall. Alternatively, we can use an offaxis multipass cell, see Fig. 1 C [29] , which may also allow us to use a lower-powered laser.
The atom's fall under gravity and turn around ∼ 86 cm above the trap center before they reach the top of the interferometer cell, unless they are receiving an upwards momentum kick from the interaction with photons from the laser. Whenever the atoms reach the bottom, they are bounced back by the mirror coils with a probability of P b , unless they disappear through the aperture and are then likely annihilated at the walls. The probability P b is controlled by the magnetic fields.
The atom interferometer is formed by the atoms' interaction with counterpropagating pulses from a laser whose wavelength is far off-resonant with any atomic transition, see Figure 3 (left). Interaction with two laser beams transfers the atom from a state |a, p , where a denotes the trapped 1 1 S 1/2 state of hydrogen and p the atom's external momentum, into a state |a, p + k eff , where k eff = k 1 − k 2 is the beams' effective wavevector. The Bragg condition, or energy and momentum conservation |p| 2 /(2m) + ω 1 = |p + k eff | 2 /(2m) + ω 2 , where ω 1,2 are the laser frequencies, selects a certain initial momentum p within a finite range given by the Fourier width of the laser pulses [30] . The interferometer sequence is repeated at a rate of, e.g., 20 Hz. The two counterpropagating beams are generated by retroreflection on a mirror ( Fig. 1) with two passes through a Pockels cell. Ramping the phase shift introduced by the cell controls ω 1 − ω 2 . This has the advantage that no laser beams need to pass the trap region, allowing greater flexibility in the placement of components there. If the trap offers uninhibited optical access from both sides, however, we may avoid the use of optical elements inside the vacuum chamber.
If the Bragg condition is satisfied, the probability of the Bragg transition is given by P ab = sin 2 (Φ R /2), where Φ R = Ω (2) dt is given by the two-photon Rabi frequency Ω (2) . A Φ R = π/2-pulse creates an equal superposition of wave packets that separate vertically with a recoil velocity of k eff /m; a Φ R = π-pulse acts as a mirror. For a fardetuned infrared laser, Ω (2) = αI/(2ǫ 0 c) is given by the atom's dc polarizability α, the laser intensity I and the vacuum permittivity ǫ 0 . For hydrogen, α = (9/2)4πǫ 0 a 3 0 exactly, so that Ω (2) = 9πa 3 0 I/( c), where a 0 is the Bohr radius. Since the dc polarizability is nonzero for any atom, the interferometer can work with any species.
A combination of π/2−π −π/2 pulses, spaced by intervals T , split and recombine the matter waves so that they interfere, Fig. 3 (right) . The probability P ↑ of detecting the atom at, e.g., the upper output of the interferometer are given by the phase difference φ accumulated between the matter waves on the two paths [13] ,
To leading order, this is independent of the atom's initial velocity and position. Detecting the atoms in the upper and lower output of the interferometer measures the phase difference and thus g. The population in the upper output can be written as P ↑ = A cos 2 (φ/2) + B. An ideal interferometer would have a contrast C = A/(A + 2B) of one. In practice, this ideal contrast is not realized, e.g., when laser pulses miss the atom. In our proposal, however, such atoms keep orbiting in the trap and thus have a chance of P b to encounter the laser beam again and take part in an interferometer. In a simple model, the total probability that an atom is eventually scattered upwards is given by a geometric series
Such atoms reach the top of the interferometer cell, where they annihilate with the walls and are thus detected. Figure 4 (left) shows that fringes of near-unity peak-to-peak amplitude are obtained. Due to the increased slope, the interferometer can in principle surpass the sensitivity limits of a single interferometer for a given atom number. We simulate the interferometer for the dimensions shown in Fig. 1 . The simulation fully takes into account the geometry of the trap, the laser beam, and all magnetic fields; the 3-dimensional motion of the atoms, and the quantum mechanics of the beam splitters. It starts with tracing the paths of a laser-cooled sample of antihydrogen at 20 mK in the trap for 0.1 s and then simulating the adiabatic release from the trap (Fig. 2) . The laser beam has 1064-nm wavelength and 1 cm radius with a flat-top intensity profile. The pulses have a Gaussian time envelope with a σ = 250 ns time constant and a π−pulse energy of 7.4 J [35] . The atom-light interaction is modeled by numerically integrating the Schrödinger equation using the |a, 2n k (n = −5, . . . 5) states as basis states, fully accounting for the Doppler shift of the laser frequencies as seen by the moving atoms. Fig. 4 (right) shows the interference fringes obtained. Fringes show a high contrast of ∼ 35%. The contrast decay with pulse separation time T is relatively mild, since the trapping potentials confine about 80% of all atoms to within the area illuminated by the laser beam. The observed contrast decay is due to magnetic field gradients caused by the mirror coils. It can be reduced by using higher-multipole mirror coils whose field decays faster with distance. A laser of shorter wavelength, e.g., 532 nm, will increase the initial contrast to ∼ 50%, as the larger recoil velocity has a more favorable ratio to the vertical velocity spread. Short wavelengths also lead to a larger measured signal, Eq. (1), allowing better resolution. If an off-axis multipass cell or a tilted beam is not used, the absence of a reflected beam over the aperture's area will lead to a slight loss of contrast, see the inset in Fig. 4 .
The scarcity of atoms means that the performance of the experiment is likely to be limited by noise. Currently, approximately four atoms can be trapped and detected per hour, without laser cooling, with at least 1000 s confinement time. With the upgraded antiproton ring ELENA, this rate can theoretically be sustained continuously to make ∼ 3 × 10 3 atoms/month. Allowing for equipment downtime and losses during laser cooling, we here assume 250 detected atoms available per month.
As a "basic" scenario, we discuss an interferometer with a pulse separation time of T = 1 ms. The shotnoise limit with 250 detected atoms and a contrast of > 50% leads to a statistical resolution of δg/g = 0.8 parts per thousand (ppt), see Tab. I. Vibration of the retroreflection mirror typically amounts to accelerations of ∼ 10 −3 m/(s 2 √ Hz) at the kHz-frequencies ω/(2π) around 1/T in a lab [31] but may be ten times as high in the antihydrogen trap. Their effect is calculated by convoluting the spectrum of vibrational motion with the sin 2 (ωT /2)/(ωT ) sensitivity function of the interferometer. ALPHA uses localized detection with a silicon detector to suppress background counts to a level of 1.7 × 10 −3 per second [6, 7] or about 0.01 within the 6 s during which most anti-atoms are released from the trap (Fig. 2) . Noise due to background counts is thus √ 0.01 as large as atom shot noise. Mirror coil field gradients produce offsets of errors of δg/g = 23 ppt that can be calibrated, and a 9 ppt fluctuation per atom, as the height at which the atom encounters the laser beam is random. The bias field B 1 has gradients in practice [32] . For B 1 = 0.05 T and a typical scale of field fluctuations of 10 cm, fluctuations need to be less than 2 × 10 −5 B 1 to reduce the noise from random atom positions.
For an "advanced" scenario, we assume 10 3 atoms/month, a laser wavelength of 532 nm, a pulse separation time of 20 ms, and that magnetic fields can be flattened 300-fold. This major challenge may be met with, e.g., additional coils, lowering the overall fields, or calibration. Vibrational noise is reduced by interferometric read-out of the mirror vibration relative to a quiet reference mirror outside the trap, which will lead to less than ∼ 10 −4 m/(s 2 √ Hz) acceleration at the relevant frequencies [31] . Everything else being equal, we obtain the estimates in Tab. I.
We have presented a project to verify the EEP for antihydrogen. Using the same laser and trap geometry, the experiment can work with any atoms, but also electrons, protons as well as their antiparticles using the KapitzaDirac effect for light-pulse beam splitters [33] . These advances will allow building an electron/positron interferometer and matter-wave clock, which can be used to verify the EEP for charged particles as a null redshift experiment, and for a precision measurement of the particle's masses [22] . Charged particles would be trapped in a weak Penning trap; fields due to patch charges on the surface could be suppressed by free electrons on a thin helium film [34] .
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